Aerosols over the Northeastern Pacific Ocean enhance the cloud drop number concentration and reduce the drop size for marine stratocumulus and cumulus clouds. These 5 microphysical effects result in brighter clouds, as evidenced by a combination of aircraft and satellite observations. In-situ measurements from the Cloud Indirect Forcing Experiment (CIFEX) indicate that the mean cloud drop number concentration in low clouds over the polluted marine boundary layer is greater by 53 cm" compared to clean clouds, and the mean cloud drop effective radius is smaller by 4 pm. We link these in-situ measurements of cloud modification by 10 aerosols, for the first time, with collocated satellite broadband radiative flux observations from the Clouds and the Earth's Radiant Energy System (CERES) to show that these microphysical effects of aerosols enhance the top-of-atmosphere cooling by -9.9 4.3 W m-2 for overcast conditions.
Introduction
For oceanic scenes containing low clouds, the albedo will generally increase as the total liquid water path or geometric thickness of the cloud increases, or as the cloud fraction within the scene increases. For scenes of equivalent liquid water path, however, anthropogenic aerosols 5 acting as additional cloud condensation nuclei (CCN) are known to increase the albedo [Twomey, 1977; Coakley et al., 19871 . Furthermore, suppression of drizzle may impact the liquid water path and the cloud fraction [Albrecht, 1989; Ackerman et al., 20041 . The net radiative forcing of climate attributable to these indirect aerosol effects has been determined primarily using global atmospheric models, and the magnitude remains highly uncertain [Lohmann and Feichter, 20051 . sampling below cloud top. Aerosol concentrations during the experiment ranged from pristine marine conditions to polluted, and two major Asian plumes containing a mix of dust and pollution were observed. Cloud systems encountered were predominantly stratocuinulus and broken cumulus; some precipitating cumulus and mixed-phase clouds were also encountered.
Under pristine conditions, low clouds were frequently observed to be drizzling.
5
Aerosols sampled during CIFEX can be sorted into six classifications based on the aerosol size distribution and back trajectories [Roberts et a/., 20061 . Asian air masses typically travel 3 to 7 days across the Pacific Ocean in elevated layers between 2 and 7 km. These layers are occasionally entrained into the boundary layer by vigorous vertical mixing of storm fronts.
Most of the air masses in the boundary layer encountered during CIFEX were composed of 10 cloud-processed and North American continental aerosols.
In this study we seek to document the impact of elevated concentrations of aerosol particles coincident with low clouds on the number concentration and size of cloud drops, as well as the resulting impact on shortwave cloud radiative forcing as determined by satellite albedo measurements from broadband radiometer observations. We advance a methodology that 15 provides a quantitative measure of the enhanced shortwave cooling owing to the first aerosol indirect effect (the Twomey effect), as well as indicating the possible influence of additional aerosol impacts on cloud water amount and cloud fraction.
Measurements of cloud drop number concentration (Nd), effective radius (reff) and albedo 
Aerosol impacts on cloud microphysics
Cloud drop number concentration (Nd) and effective radius ( The difference between clean and polluted clouds is greatest for clouds with L WP between 30
15 and 110 g m-2, comprising more than 80% of the clouds sampled.
Aerosol effects on shortwave cloud radiative forcing
The CERES instrument on-board the Aqua satellite measures reflected solar radiance in the 0.3 to 5 pm spectral range [Wielicki et al., 19961 . MODIS imager observations within each CERES footprint (10 km at nadir) are used to characterize the scene (including cloud fraction), 20 and scene-specific angular distribution models are used to convert the radiances to estimates of the radiative flux [Loeb et al., 2003al . Uncertainty in the instantaneous shortwave flux at the topof-atmosphere for cloudy-sky midlatitude scenes is estimated to be approximately 4%, and does
' not vary significantly with cloud optical depth or cloud fraction in liquid water clouds (Loeb et al., 2003b) . Shortwave cloud radiative forcing at the top of the atmosphere for diurnal mean solar insolation (C,,,) is determined from these obsewations. It is defined as the product of the diurnal mean solar insolation (So) and the difference between the clear-sky albedo (acb.) and the cloud albedo (a):
a,/, is evaluated for each satellite pass over the CIFEX region and is taken as the average albedo from cloud-free CERES ocean pixels in the region. In this first estimate of C, , , a is the CERES observed albedo for overcast footprints only. Partly cloudy footprints are excluded from the analysis in order to distinguish differences in albedo owing to differences in aerosol from those 10 owing to differences in fractional cloud cover. We report the diurnal mean C,,,, instead of the respectively. L WP is lower by about 4% for the overcast polluted scenes compared to the clean scenes, which is within the uncertainty of the AMSR-E obsesvations.
To evaluate the enhancement of shortwave cloud radiative forcing owing to the greater concentration of smaller drops in the polluted clouds, we define a quantity C;, , :
where all samples in each L WP bin are assigned the average albedo for clean clouds in that bin. 
